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        Introduction 
  Neuronal voltage-gated calcium channels (VGCCs) mediate 
neuronal migration (  Komuro and Rakic, 1998  ), neurite out-
growth (  Rieckhof et al., 2003  ), synaptogenesis (  Bahls et al., 
1998  ), neuronal excitability (  Pietrobon, 2005  ), and neuro-
transmission (  Smith and Augustine, 1988  ;   Robitaille et al., 
1990  ). VGCCs are comprised of a pore-forming     1   subunit  as-
sociated with accessory subunits     2   ,    ,  and      ( Takahashi 
et al., 1987  ;   Tanabe et al., 1987  ).     2     consists of two disulfi  de-
linked subunits,     2   and     , derived from posttranslational cleav-
age of a single gene product (  Ellis et al., 1988  ;   De Jongh et al., 
1990 ).  Although      is a minimal transmembrane domain that 
anchors the subunit to the plasma membrane,     2   is  extracellu-
lar and heavily glycosylated, a modifi  cation important for 
regulating     1   activity (  Jay et al., 1991  ;   Gurnett et al., 1996  ; 
  Sandoval et al., 2004  ). 
  Our understanding of how     2     affects     1   pore subunits 
mostly derives from work in heterologous expression systems in 
which these subunits were coexpressed and biophysical parameters 
assessed by whole cell recording. Four     2     homologues exist in 
vertebrates. Although several studies describe a role for     2    1 – 3   in 
modulating the kinetics and voltage-dependence of channel gating 
(  Singer et al., 1991  ;   Felix et al., 1997  ;   Klugbauer et al., 1999  ; 
  Herlitze et al., 2003  ), others found no effect for     2     in  regulat-
ing these properties (  Mikami et al., 1989  ;   Gao et al., 2000  ). 
Research also suggests that     2    1 – 2   increases  Ca 
2+   currents (  Singer 
et al., 1991  ;   Felix et al., 1997  ;   Klugbauer et al., 1999  ;   Gao et al., 
2000  ;   Canti et al., 2005  ), and     2     overexpression in nonneuronal 
cells enriches N-, P/Q-, and L-type channels at the plasma mem-
brane (  Felix et al., 1997  ;   Canti et al., 2005  ). However, no current 
enhancement is observed when     2    1   is coexpressed with R-type 
channels (  Qin et al., 1998  ). Though these studies highlight the po-
tential effects of     2     on VGCCs, in vivo studies based on loss-of-
function data should reveal the contribution of     2     to  regulation 
of native channels. 
  ducky   mice that harbor mutations in     2    2   have  spike-wave 
seizures and are ataxic (  Barclay et al., 2001  ;   Brill et al., 2004  ; 
  Donato et al., 2006  ). Also, dissociated   ducky   mutant Purkinje cells 
exhibit reduced Ca 
2+   currents (  Barclay et al., 2001  ;   Donato et al., 
2006  ). Notably, gabapentin, an antiepileptic drug also used to 
  I
n a screen to identify genes involved in synaptic func-
tion, we isolated mutations in   Drosophila melanogaster 
straightjacket   (  stj  ), an       2       subunit of the voltage-gated 
calcium channel.   stj   mutant photoreceptors develop nor-
mal synaptic connections but display reduced   “  on  –  off  ”   
transients in electroretinogram recordings, indicating a 
failure to evoke postsynaptic responses and, thus, a defect 
in neurotransmission.   stj   is expressed in neurons but ex-
cluded from glia. Mutants exhibit endogenous seizure-like 
activity, indicating altered neuronal excitability. However, 
at the synaptic level,   stj   larval neuromuscular junctions ex-
hibit approximately fourfold reduction in synaptic release 
compared with controls stemming from a reduced release 
probability at these synapses. These defects likely stem 
from destabilization of Cacophony (Cac), the primary 
presynaptic       1   subunit in   D. melanogaster  . Interestingly, 
neuronal overexpression of   cac   partially rescues the via-
bility and physiological defects in   stj   mutants, indicating a 
role for the       2       Ca 
2+   channel subunit in mediating the 
proper localization of an       1   subunit at synapses.
    straightjacket   is required for the synaptic 
stabilization of   cacophony  , a voltage-gated 
calcium channel       1   subunit 
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mentation group. Using the   eyFLP   system (  Stowers and 
Schwarz, 1999  ;   Newsome et al., 2000  ), we made fl  ies homozy-
gous for randomly induced ethyl methanesulfonate mutations in 
the visual system that were otherwise heterozygous in the body, 
thus circumventing the lethality associated with many muta-
tions affecting synaptic transmission. Mutant fl  ies were behav-
iorally screened for a response to light in a phototaxis assay 
(  Benzer, 1967  ). Flies with reduced phototaxis responses were 
crossed, and progeny with homozygous mutant eyes were sub-
jected to ERG recordings (  Pak et al., 1969  ), extracellular fi  eld 
recordings of the photoreceptor (PR) response to light. Although 
all mutants initially failed to phototax, this defect failed to per-
sist in later generations (unpublished data), as observed for 
other mutants isolated in similar screens (  Verstreken et al., 
2003, 2005  ). However, in response to a light stimulus,   stj   mu-
tants exhibit a reduced depolarization in the ERG, which sug-
gests a defect in phototransduction, as well as a lack of   “  on  –  off  ”   
transients (  Fig. 1 A  , arrowheads), indicating a failure to induce 
a postsynaptic response ( Pak et al., 1969 ). To determine whether 
the ERG defect stems from a pre- or postsynaptic requirement for 
the disrupted gene (the   eyFLP   system creates homozygous mutant 
PRs as well as mutant postsynaptic cells;  Hiesinger et al., 2006 ), 
treat neuropathic pain, binds specifi  cally to     2     (  Gee et al., 1996  ), 
an interaction thought to reduce neurotransmission in these patho-
logical conditions. Therefore, a better understanding of how     2    
subunits affect neurotransmission may shed insight into the mode 
of action of gabapentinoid drugs as well as VGCC function. 
  In a screen for genes affecting synaptic function, we identi-
fi  ed   straightjacket   ( stj  ), which encodes a   Drosophila melanogas-
ter      2     similar to vertebrate     2    3 .   stj   mutants exhibit a severe 
reduction in Ca 
2+  -dependent evoked neurotransmitter release that 
stems from a presynaptic role for  stj  based on in situ hybridization 
studies, enhancer trap expression, and analysis of spontaneous re-
lease at mutant synapses. Furthermore, we observe a reduction of 
the primary presynaptic   D. melanogaster     1   subunit,  Cacophony 
(Cac), at mutant synapses, indicating that the synaptic defects re-
sult from a failure to properly localize synaptic Ca 
2+   channels. 
  Results 
    stj   mutants display electroretinogram 
(ERG) defects 
  In a forward genetic screen designed to isolate genes involved 
in synaptic function, we isolated three alleles in one comple-
  Figure 1.         stj   mutant PRs have synaptic defects.   
(A) ERGs from control (y w eyFLP GMR-lacZ; 
FRT42D/FRT42D cl2R w 
+  ), eyFLPstj 
1  , and 
eyFLPstj 
2   (y w eyFLP GMR-lacZ; FRT42D stj 
1 or 2  /
FRT42D cl2R w 
+  ). On  –  off transients are indi-
cated by arrowheads. (B) ERGs from control 
(y w ey3.5FLP; FRT42D/FRT42D cl2R w 
+  ), 
ey3.5FLPstj 
1  , and ey3.5FLPstj 
2   (y w ey3.5FLP; 
FRT42D stj 
1 or 2  /FRT42D cl2R w 
+  ), which ren-
der only PRs homozygous mutant. Arrowheads 
denote on  –  off transients. (C  –  E) TEM of laminar 
cartridges of control (C), eyFLPstj 
1   (D), and 
eyFLPstj 
2   (E). PR terminals are pseudo-colored 
green. Bars, 1   μ  m. (F  –  H) Histograms of PR sort-
ing within cartridges for control (F), eyFLPstj 
1   
(G), and eyFLPstj 
2   (H). 30 cartridges from three 
ﬂ  ies were quantiﬁ  ed for each genotype.     159   DROSOPHILA         2       AFFECTS VGCCS AND NEUROTRANSMISSION   •   LY ET AL.
map   stj   to the 50C cytological interval of chromosome 2R. 
Defi  ciencies within the interval were then used to confi  rm and re-
fi  ne the mapping position. All three   stj   alleles failed to complement 
  Df(2R)CX1 [49C1-4;50C23-D2] and  Df(2R)Exel7128 [50C5;50C9], 
which spans a region   <  100 kbp (  Fig. 2 A  ). Using   P   elements 
within the 50C5  –  50C9 interval, we performed fi  ne mapping 
and found that a   P   element inserted in   CG12295 ,   P  {  KG06941  }  
yielded zero recombinants out of    10,000  fl  ies (  Fig. 2 A  ), which 
suggests that   CG12295   corresponds to   stj  . Sequencing of 
  CG12295   revealed a point mutation in   stj 
1    , a Glu133Ala transi-
tion, altering a residue conserved in human and mouse homo-
logues, and a nonsense mutation in   stj 
2    , a Gln488STOP mutation 
( Figs. 2 C  and S1, available at http://www.jcb.org/cgi/content/full/
jcb.200712152/DC1). The  stj  
3  allele fails to complement the other 
two alleles and independently maps to the same locus as   stj  
1  
and   stj  
2   but we were unable to defi  ne the molecular lesion. These 
data indicate that   stj   is   CG12295 . 
  CG12295   encodes an     2     subunit of VGCCs. It contains a 
signal peptide, von Willebrand factor A (VWA) domain, Cache 
domain, and minimal transmembrane domain (  Fig. 2 C  ). VWA 
domains are protein interaction domains common to inte-
grins and other cell adhesion molecules (  Whittaker and Hynes, 
2002  ), whereas Cache domains, originally found in prokaryotic 
we used the   ey3.5FLP   system, which only drives FLP recombi-
nase in presynaptic PRs ( Chotard et al., 2005 ;  Mehta et al., 2005 ). 
As shown in   Fig. 1  , the   “  on  ”   transients remain absent, suggest-
ing that the affected gene is required presynaptically (  Fig. 1 B  ). 
Because failure to evoke a postsynaptic response may derive 
from impaired synaptic development or synaptic function, we 
performed electron microscopy to examine the lamina where 
R1-R6 PRs synapse with the postsynaptic monopolar cells to 
form cartridges with stereotyped organization (  Kirschfeld, 1967 ; 
 Clandinin and Zipursky, 2000 ). Similar to controls ( Fig. 1, C and F ), 
  stj 
1     (  Fig. 1, D and G  ) and   stj 
2     (  Fig. 1, E and H  )   eyFLP   mutant 
cartridges predominantly possess six PR terminals per cartridge 
( Kirschfeld,  1967 ;   Clandinin  and  Zipursky,  2000 ).  We  observe 
no other obvious morphological defects at these synapses. 
These data suggest that mutants have defective postsynaptic re-
sponses because of aberrant synaptic communication, not aber-
rant neuronal development. 
    stj   encodes a   D. melanogaster         2       subunit 
  stj   mutant third instar larvae are immobile with the exception of 
some head movements. Given the paralytic and ERG pheno-
types, we sought to identify the gene affected in   stj   mutants. 
We used molecularly defi  ned   P   elements (  Zhai et al., 2003  ) to 
  Figure 2.         stj   encodes an accessory subunit of VGCCs.   
(A) Mapping of   stj  . Recombination mapping using 4   P   ele-
ments within an     98-kbp region covered by a deﬁ  ciency, 
  Df(2R)Exel7128   (gray bar), that fails to complement all   stj   al-
leles.   Df(2R)CX1   also fails to complement   stj   mutants (gray bar 
with arrows). The number of recombinants per ﬂ  ies scored is 
indicated below each   P   element (inverted triangles). Nearby 
genes are indicated (black bars). The region covered by a 
genomic rescue construct is indicated (green bar). (B) Exonic  –
  intronic structure of   CG12295   (  stj  ). The insertion position of 
  NP1574   (  stj-GAL4  ; green inverted triangle) in the 5     non-
coding exon is designated. (C) Protein structure of Stj. Stj is 
1,218 amino acids in length and contains a signal sequence 
(SS, green), a VWA domain (red), a Cache domain (blue), 
and a short C-terminal transmembrane region (TM, line). 
Mutations associated with the two characterized   stj   alleles are 
indicated. (D)       2       phylogeny relating ﬂ  y       2      s to nematode, 
mouse, and human homologues. (E) Lethal phase analysis of 
  stj   alleles. Extent of survival: L1, ﬁ  rst instar; L2, second instar; 
P, pupae; UA, uncoordinated adult;     , not determined. Cir-
cles denote rescue to healthy adults by genomic construct. 
(F) Rescue of ERG defects by genomic   stj   construct. Arrow-
heads indicate the position of on  –  offs.     JCB • VOLUME 181 • NUMBER 1 • 2008  160 
  Given the paralysis in late larval stages, we turned to the 
third instar nervous system. We attempted to generate anti-
bodies but were unsuccessful. However, we obtained an enhancer 
trap line (  NP1574  ) that contains a   GAL4   driver (Kyoto Institute 
of Technology Drosophila Genetic Resource Center;   Hayashi 
et al., 2002  ) within the 5     untranslated region of   stj   ( Fig.  2  B ). 
Hence, in combination with a   UAS   reporter,   GAL4   expression  of 
this enhancer trap may reveal the expression pattern of   stj . 
In agreement with our in situ hybridization data, the   GAL4   driver 
is expressed in the brain and VNC in adults (  Fig. 3 C  ) and larvae 
( Fig.  3,  D – I      ), but is not present during early embryogenesis 
(not depicted). Therefore, we refer to   NP1574-GAL4   as   stj-
GAL4  . Given the visual processing defects observed in   stj 
eyFLP   mutants (  Fig. 1 A  ), we assessed   stj-GAL4  – driven  GFP 
expression in the visual system. Cytoplasmic GFP is evident in 
PR axons and terminals and in the optic lobes of the adult brain, 
which is consistent with a role for   stj   in visual processing (  Fig. 
3 C  ). In third instar larvae, we detected   stj-GAL4  – driven  GFP 
signal predominantly in a subset of cells in the VNC (  Fig. 3 D  ) 
and salivary glands (not depicted). Here, GFP-positive cells are 
colabeled with the panneuronal marker Elav (  Fig. 3 E  ;   O  ’  Neill 
et al., 1994  ) but not Repo (  Fig. 3 F  ;   Muhlig-Versen et al., 2005  ), 
a glial marker. However,   stj-GAL4   is expressed only in a subset 
of neurons within the VNC, some of which colocalize with 
Even-skipped (  Fig. 3 G  ;   Patel et al., 1994  ), a motor neuron 
marker. These motor neurons send axonal projections that form 
synapses outlined by the pre- and postsynaptic marker Dlg 
(  Parnas et al., 2001  ) on body wall muscles 6/7 (  Fig. 3, H and H     ). 
Also, some GFP-positive neurons coincide with cell bodies la-
beled with anti-GABA (  Fig. 3, I  –  I        ). GABA is synthesized by 
glutamate decarboxylase (GAD) found exclusively in inhibitory 
neurons, and, notably, GABA and GAD are present in cell bod-
ies of the   D. melanogaster   nervous system (  Buchner et al., 
1988 ).  Thus,   stj   is also present in a subpopulation of inhibitory 
interneurons. Therefore,   stj   is expressed in a discrete subset of 
neurons in the third instar larva, including motor neurons and 
inhibitory interneurons. 
  To examine the subcellular localization of Stj, we drove 
UAS-FLAG-  stj  -HA panneuronally using   C155-GAL4   in   stj 
1 /Df  
mutants and labeled using antibodies to Syb (  Fig. 3 J      ), a synap-
tic marker, and HA (  Fig. 3 J  ) to detect Stj. Unlike Cac, a pre-
synaptic VGCC subunit that localizes to puncta corresponding 
to active zones (  Kawasaki et al., 2004  ), Stj shows extensive 
colocalization with Syb and is distributed throughout the syn-
apse (  Fig. 3 J       ). 
    stj   mutants are hyperexcitable 
  Disruption of vertebrate and invertebrate VGCCs have been 
shown to predispose organisms to epileptic events. Mouse mu-
tants that affect various VGCC subunits, including     1 A  ( totter-
ing ),    4  ( lethargic ), and    2    2  ( ducky ), exhibit epileptic phenotypes 
(  Burgess and Noebels, 1999  ). Furthermore, hypomorphic muta-
tions in   cac   display seizure-like activity at elevated temperatures 
( Rieckhof et al., 2003 ), and  stj  ( CG12295 ) expression is dynami-
cally regulated in   D. melanogaster   seizure mutants (  Guan et al., 
2005  ). We therefore explored whether mutations in   stj   might 
also affect neuronal excitability by recording the endogenous 
chemotaxis receptors, are thought to mediate binding to small 
molecules such as amino acids (  Anantharaman and Aravind, 
2000  ). BLAST searches revealed three putative homologues of 
    2     in the   D. melanogaster   genome compared with four in 
mammalian species.   CG12295   most closely resembles human 
    2    3   (33% identical and 60% similar) and     2    4   (31% identical 
and 59% similar;   Figs. 2 D   and S1). The VWA domain is partic-
ularly conserved, with 44% identity to     2    3   and 48% identity to 
    2    4  . In addition, the Cache domain is 49  –  50% and 45% identi-
cal to vertebrate     2    3   and     2    4  , respectively.     2    3   and     2    4   are 
less extensively characterized relative to other isoforms. Though 
no mutants currently exist for     2    3  , mutations in     2    4   in mice 
and humans underlie PR dysfunction and progressive blindness 
(  Wycisk et al., 2006a  ,  b  ). 
  As homozygotes, the three   stj   alleles failed to survive 
beyond the early larval stages. However, when placed over 
  Df(2R)Exel7128   or in trans to one another, these larvae arrest as 
pupae and some emerge as uncoordinated adults, suggesting 
that these alleles may contain extraneous second site mutations 
that contribute to the homozygous lethality (  Fig. 2 E  ). Of note, 
when over defi  ciency, both   stj 
1     and   stj 
3     alleles have similar le-
thal phases compared with the truncation mutant   stj 
2   ,  indicating 
that both may constitute null or severe hypomorphic alleles. 
  To ascertain that the defects stem from loss of     2    , we intro-
duced a 28.6-kbp genomic transgene in P[acman] (  Venken et al., 
2006  ) and neuronally expressed a full-length UAS-FLAG-  stj -HA 
cDNA transgene in the mutants. The genomic construct rescued 
  stj / Df   and transheterozygote mutant combinations to adulthood 
(  Fig. 2 E  , circles). Note that some   stj 
1 /Df   and   stj 
2 /Df   animals 
eclose occasionally as adults but are severely uncoordinated (un-
published data) and unable to fl  y, whereas rescued adults walk and 
fl  y normally (unpublished data). In addition, the genomic trans-
gene restored the physiological defects observed by ERG. Similar 
to   eyFLP   mutants (  Fig. 1 A  ),   stj 
1 /Df   and   stj 
2 /Df   adult escapers 
also had reduced depolarization and loss of on  –  off transients. 
However, these ERG anomalies were corrected in the rescued 
adults (  Fig. 2 F  ). The genomic   stj   transgene also restored on  –  off 
transients in   eyFLPstj 
1     and   eyFLPstj 
2     mutants (not depicted). 
Furthermore, when we used   C155-GAL4   to drive expression of 
UAS-FLAG-  stj  -HA panneuronally in   stj 
1 /Df   and   stj 
2 /Df   mutants, 
we also recovered viable adults. Thus,   stj   is required in the ner-
vous system. Together, these fi  ndings show that   stj   is a crucial 
neuronal gene necessary for proper synaptic communication. 
    stj   is expressed in neurons 
  To determine where   STJ   mRNA is expressed, we performed 
in situ hybridization on whole mount embryos. As shown in   Fig. 
3 A  , the   STJ   message is expressed in the embryonic nervous 
system starting at stages 11 and 12 and is highly enriched in 
the brain and ventral nerve cord (VNC) in late stage embryos. 
A sense probe fails to label the embryonic brain (  Fig. 3 B  ), in-
dicating that the signal is specifi  c to   STJ  . This is consistent with 
data showing that   STJ   mRNA is abundant in the brain and 
thoracico-abdominal ganglion of adult fl  ies but is not detected 
in other adult tissues (www.FlyAtlas.org;   Chintapalli et al., 
2007 ).  Thus, the   STJ   message is highly expressed in the   D. mela-
nogaster  nervous  system. 161   DROSOPHILA         2       AFFECTS VGCCS AND NEUROTRANSMISSION   •   LY ET AL.
pressed in motor neurons. Intriguingly, the loss of   stj   in a dis-
crete subset of neurons, particularly GABA-ergic neurons, may 
contribute to neuronal hyperexcitability in these mutants by al-
tering the balance of excitation and inhibition in the neuronal 
circuit subserving locomotion. Of note, GABA blockade has 
been shown to lead to seizure-like activity in fl  ies (  Stilwell et al., 
2006  ). Together, this suggests that   stj   mutants show defects at 
both the network and synaptic levels. 
    stj   mutants have defects in evoked 
neurotransmission 
 To assess neurotransmitter release at  stj  synapses, we performed ad-
ditional electrophysiological recordings at the larval  neuromuscular 
activity of the central pattern generator (CPG) for locomotion. 
We recorded from muscles 6/7 of dissected third instar larvae 
with intact VNCs at elevated temperature, a common paradigm 
for assessing seizure-like activity in   D. melanogaster   ( Budnik 
et al., 1990  ;   Rieckhof et al., 2003  ). Controls often exhibit rhythmic 
activity (  Fig. 4, A and E  ). However, though burst events are rela-
tively rare in   stj 
1 /Df   and   stj 
2 /Df   mutants, activity trains often last 
30 s or longer (  Fig. 4, B, C, and E  ). In addition, a genomic     2    
transgene restores rhythmic CPG activity in   stj 
1 /Df   and   stj 
2 /Df  
mutants, indicating that these defects are specifi  c to loss of   stj  
(  Fig. 4, D    –  E; and not depicted). Notably, mutant bursts are also 
lower in amplitude compared with the control (  Fig. 4, B and C  ). 
The reduced amplitude of events is consistent with   stj   being  ex-
  Figure 3.       Spatial expression of   stj   In situ hybridization on 
whole mount embryos.   (A)   STJ   message is enriched in the 
embryonic nervous system in stage 11 and 12 and stage 17 
embryos. (B) A sense probe fails to label embryonic brain. 
Bars, 50   μ  m. (C  –  I        )   stj-GAL4   driven expression of   UAS-GFP   
in adult (C) and larval brain (D  –  I        ). (C) Adult brain with   stj-
GAL4    >    UAS  -GFP enhanced using GFP antibody. la, lamina; md, 
medulla; cb, central brain. (D) Third instar larval brain with 
  stj-GAL4    >    UAS  -GFP enhanced using GFP antibody. (E and F) 
In larval brain, GFP expression is present in cells express-
ing the neuronal marker Elav (E, magenta) but is excluded 
from cells expressing the glial marker Repo (F, magenta). 
(G)   stj-GAL4    >    UAS  -GFP expression coincides with neurons 
expressing motorneuron marker Even-skipped (magenta). 
(H and H    ) GFP-positive motor neurons send projections that 
synapse upon muscles 6/7. Dlg demarcates the NMJ syn-
apse and the synapse on muscles 6/7 is shown (H    ). The 
green channel is shown separately in H. (I  –  I        )   stj-GAL4   drives 
GFP expression in neurons that costain with GABA antibody 
(I). Separated channels are shown in I     (GFP, green) and I         
(GABA, magenta). (J  –  J        ) A tagged   stj   transgene driven in 
neurons (  C155-GAL4  ;   stj 
1  /Df  ; UAS-FLAG-  stj  -HA) labeled by 
an HA antibody (J) colocalizes with synaptic marker Syb (J    ). 
A merged image is shown in J        . Bars: (A and B) 50   μ  m; (C) 
30   μ  m; (D) 50   μ  m; (E  –  G) 4   μ  m; (H and H    ) 25   μ  m; (I  –  I        ) 
4   μ  m; (J  –  J        ) 2   μ  m.     JCB • VOLUME 181 • NUMBER 1 • 2008  162 
between control and mutants are not different (  Fig. 5, C and D  ), 
nor are the distributions of mEJP event amplitudes (  Fig. 5, F  –  H  ), 
which suggests that vesicle loading and postsynaptic receptor 
function are intact. In addition, we did not observe a difference 
in mEJP frequency between controls and   stj   mutants (  Fig. 5 E  ). 
These results suggest that   stj   loss of function has predominant 
deleterious effects on exocytosis. 
  At synapses, Ca 
2+   is a key regulator of vesicle fusion and 
the amount of neurotransmitter released (  Katz and Miledi, 1969 ). 
To explore the relationship between Ca 
2+   entry and evoked 
release at   stj   synapses, we measured EJPs, counting failures, at 
different extracellular Ca 
2+   concentrations from 0.1 to 1 mM Ca 
2+  
([Ca 
2+ ] ext  ). At every [Ca 
2+ ] ext   studied, EJP amplitudes in the mutant 
were reduced compared with controls (  Fig. 5 I  ). To examine 
[Ca 
2+  ] sensitivity, we corrected for nonlinear summation of EJPs 
(  Martin, 1955  ), determined quantal content, and generated a 
logarithmic plot of quantal content versus low [Ca 
2+ ] ext   ( Fig.  5  J ). 
Triggering of exocytosis relies upon cooperative binding of 
approximately three to four Ca 
2+   ions, which is refl  ected in the 
slope of the logarithmic plot (  Dodge and Rahamimoff, 1967  ). 
We fi nd that this slope is similar for both control (  n   = 3.1) and 
  stj  
1 /Df   ( n   = 3.0), which suggests that cooperativity is not 
affected. However, the plot is right-shifted in   stj  
1 /Df   ( Fig.  5  J ) 
and   stj  
2 /Df   (not depicted), indicating a reduction in synaptic 
Ca 
2+   sensitivity. 
  We also examined control and   stj   mutant synapses for 
paired pulse facilitation, an enhancement of neurotransmitter re-
lease caused by elevation of residual Ca 
2+   in the nerve terminal 
(  Zucker and Regehr, 2002  ). We applied two stimuli spaced 20, 
50, and 100 ms apart and recorded EJPs in 1 mM Ca 
2+ .  The  ex-
tent of facilitation was expressed as the paired pulse ratio (PPR), 
EJP  2 / EJP 1 . When the pulse interval is 100 ms, there is no signifi  -
cant difference between the PPR in control and mutant animals. 
However, at pulse intervals of 50 and 20 ms (  Fig. 5 K  ),   stj 
1 /Df  
synapses exhibit increased facilitation compared with controls. 
Thus, the release probability at   stj   mutant synapses is reduced. 
    stj   mutants exhibit a mild NMJ overgrowth 
but normal synaptic bouton ultrastructure 
  Synapse growth is regulated both by synaptic Ca 
2+   entry  and 
activity. For instance, hypomorphic mutations in   cac ,  the  
D. melanogaster      1   subunit with similarity to N-, P/Q-, and 
R-type channels, have underdeveloped synapses (  Rieckhof 
et al., 2003  ), whereas hyperexcitable   D. melanogaster   seizure 
mutants display synaptic overgrowth (  Budnik et al., 1990  ). 
Because   stj   is a putative VGCC subunit and mutants display 
neuronal hyperexcitability, we assessed whether NMJ mor-
phology might be altered by labeling control and mutant lar-
vae with the pre- and postsynaptic marker Dlg (  Parnas et al., 
2001  ) and the presynaptic membrane marker Hrp (  O  ’  Neill 
et al., 1994  ). Relative to controls (  Fig. 6, A and C  ),   stj   mutants 
(  Fig. 6, B and C  ) exhibit a signifi  cant but mild synaptic over-
growth of the NMJ on muscles 6/7 in proportion to muscle 
size, refl  ected by a proportional increase in bouton number per 
muscle area (  Fig. 6 D  ). This may be caused by the effect of 
hyperexcitability on synapse growth or a compensatory re-
sponse to reduced synaptic transmission. 
junction (NMJ). Motor neurons were severed to prevent endog-
enous stimulation. We then stimulated control and mutant motor 
axons at 1 Hz in 1 mM Ca 
2+   and measured excitatory junctional 
potentials (EJPs) from the muscle. Compared with controls, all  stj  
mutations over defi  ciency and in trans show a marked reduction 
in EJP amplitude (  Fig. 5, A and B  ), revealing a severe defect in 
Ca 
2+  -regulated exocytosis. Notably,   stj   heterozygotes (  stj/+ )  have 
EJP amplitudes similar to controls, indicating that there are no 
prominent dominant-negative effects associated with these muta-
tions with respect to synaptic function (  Fig. 5 B  ). Furthermore, 
when we introduce a genomic rescue construct in mutants over 
defi  ciency and in trans to one another, the reduced EJP ampli-
tudes are restored (  Fig. 5 B  ), which indicates that the loss of   stj   is 
solely responsible for the exocytic defect. 
  In addition to exocytic defects, a reduction in EJP amp-
litude may also refl  ect impairments in vesicular neurotrans-
mitter loading or postsynaptic receptor function. To examine 
these possibilities, we measured spontaneous miniature EJPs 
(mEJPs) in   stj   mutants in 0.5 mM Ca 
2+   and 10   μ  M tetrodotoxin 
(TTX) to suppress evoked release. The mean mEJP amplitudes 
  Figure 4.         stj   mutants exhibit seizure-like activity.   (A  –  D) Muscle recordings 
of endogenous CPG activity performed at elevated temperature (36  °  C) 
with 1.5 mM Ca 
2+   for control (A;   y w; FRT42D 
iso    ),   stj 
1  /Df   (B;   y w eyFLP 
GMR-lacZ; FRT42D 
iso   stj 
1  /Df(2R)Exel7128  ),   stj 
2  /Df   (C;   y w eyFLP GMR-
lacZ; FRT42D 
iso   stj 
2  /Df(2R)Exel7128  ), and rescued   stj 
1  /Df   (D;   y w eyFLP 
GMR-lacZ; FRT42D 
iso   stj 
1  /Df(2R)Exel7128  ,   stj   
+  ) third instar larvae. (E) Histo-
gram of burst duration. Events were analyzed from control (  n   = 274 from 
8 larvae),   stj 
1  /Df   (  n   = 38 from six larvae), and rescued   stj 
1  /Df   (  n   = 135 
from 10 larvae) by student  ’  s   t   test (  stj 
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  Cac is reduced at   stj   synapses 
  Given the similarity of   stj   and   cac   phenotypes (  Smith et al., 
1998  ;   Rieckhof et al., 2003  ), we determined whether Cac is 
properly localized in   stj   mutants. When expressed solely in neu-
rons,   cacEGFP   (  Kawasaki et al., 2004  ) rescues the embryonic 
lethality as well as synaptic function of   cac   null mutants and 
localizes to synaptic active zones. Therefore, we expressed   cacE-
GFP   in control and mutant neurons using   C155-GAL4 .  We  visu-
alized   C155-GAL4    –  driven expression of CacEGFP (green) at 
control and   stj   mutant NMJs (  Fig. 7, A and D  ) and costained 
with Bruchpilot (Brp;   Fig. 7, A       and  D   , magenta), an active 
zone marker (  Wucherpfennig et al., 2003  ), and Dlg to outline 
synapses (not depicted). Because native CacEGFP fl  uorescence 
is weak, we amplifi  ed the signal using tyramide enhancement 
  To more closely examine single boutons, ultrastructural 
analyses were performed on control (  Fig. 6, E and G  ) and mu-
tant (  Fig. 6, F and H  ) boutons. However, these studies revealed 
no differences in vesicle density (  Fig. 6 I  ), synaptic length (  Fig. 
6 J  ), active zone density (  Fig. 6 K  ), number of active zone  –
  associated vesicles (  Fig. 6 L  ), or vesicle size (  Fig. 6, M and N  ). 
Notably, the subsynaptic reticulum (SSR) surrounding the bou-
tons appears more disordered in mutant boutons. However, even 
when SSR is almost entirely absent, as in   dpix   mutants  ( Parnas 
et al., 2001  ), synaptic function is only mildly affected. Thus, our 
SSR defect is not likely to contribute to the impaired synaptic 
release in   stj   mutants. These data indicate that though NMJ syn-
apses are slightly overgrown in   stj   mutants, most aspects of 
bouton architecture are intact. 
  Figure 5.         stj   mutants have severe defects in 
evoked neurotransmitter release.   (A) Sample 
EJPs recorded in 1 mM Ca 
2+   at 1 Hz in con-
trol,   stj 
1  /Df  , and   stj 
2  /Df   third instar NMJs. 
(B) Quantiﬁ  cation of EJP amplitudes recorded at 
1 Hz in 1 mM Ca 
2+  . Genotypes: control, 39   ±   
5 mV;  stj 
1    /+ ( y w; FRT42D 
iso   stj 
1  /FRT42D 
iso    ), 43  ±   
4 mV;   stj 
2    /+ (  y w; FRT42D 
iso   stj 
2  /FRT42D 
iso    ), 
39   ±   3 mV;   stj 
1  /Df  , 8   ±   2 mV;   stj 
2  /Df  , 11   ±   
5 mV;   stj 
3  /Df   (  y w eyFLP GMR-lacZ; FRT42D 
iso   
stj 
3  /Df(2R)Exel7128  ), 8   ±   1 mV;   stj 
1  /stj 
2     (  y w 
eyFLP GMR-lacZ; FRT42D 
iso   stj 
1  /FRT42D 
iso   stj 
2    ), 
13   ±   1 mV;   stj 
1  /stj 
3     (  y w eyFLP GMR-lacZ; FRT-
42D 
iso   stj 
1  /FRT42D 
iso   stj 
3    ), 13   ±   2 mV;   stj 
1  /Df   
rescue, 45   ±   4 mV;   stj 
2  /Df   rescue (  y w eyFLP 
GMR-lacZ; FRT42D 
iso   stj 
2  /Df(2R)Exel7128  ),  stj 
+    ), 
41   ±   5 mV;   stj 
3  /Df   rescue (  y w eyFLP GMR-lacZ; 
FRT42D 
iso   stj 
3  /Df(2R)Exel7128  ),   stj 
+    ), 44   ±   
3 mV;   stj 
1  /stj 
2     rescue (  y w eyFLP GMR-lacZ; FRT-
42D 
iso   stj 
1  /FRT42D 
iso   stj 
2    ;   stj 
+  /+  ), 42   ±   4 mV. 
60 EJP amplitudes were averaged per record-
ing and the number of larvae tested is indicated 
in the bars. Error bars indicate SEM (student  ’  s 
  t   test;   **  , P   <   0.01). (C) Sample mEJPs were re-
corded in 0.5 mM Ca 
2+   with 10   μ  M TTX to sup-
press evoked neuronal activity. Traces shown 
for control,   stj 
1  /Df  , and   stj 
2  /Df  . The mEJP amp-
litude (D), frequency (E), and mEJP amplitude 
distribution (F  –  H) of events larger than 0.4 mV 
are shown. The number of larvae analyzed is 
indicated in the bars (D and E). mEJP events 
were analyzed for control (  n   = 1,365),   stj 
1  /Df   
(  n   = 1,109), and   stj 
2  /Df   (  n   = 1,215). The amp-
litude bin size was 0.2 mV. Error bars indicate 
SEM (student  ’  s   t   test; n.s., not signiﬁ   cant). 
(I) EJPs amplitudes were measured at different 
[Ca 
2+  ]  ext   (0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM). 
Failures were included in the determination of 
EJP amplitudes to more accurately reﬂ  ect syn-
aptic release probabilities. Genotypes were 
control and   stj 
1  /Df  . Error bars indicate SEM; 
error bars smaller than data markers are not 
shown. (student  ’  s   t   test; *  *  ,     P   <   0.01). (J) Loga-
rithmic plot of quantal content versus [Ca 
2+  ]  ext  . 
The slope of the line (  n  ), indicated for control 
(  n   = 3.1) and   stj 
1  /Df   (  n   = 3.0), represents cal-
cium cooperativity at these respective synapses. 
(K) Quantiﬁ  cation of paired pulse ratio (PPR), 
EJP  2  /EJP  1   for time intervals of 20 ms (control, 
PPR = 1.11   ±   0.03;   stj 
1  /Df  , PPR = 1.5   ±   0.1), 
50 ms (control, PPR = 1.06  ±   0.02;  stj 
1  /Df  , PPR = 
1.36   ±   0.07), and 100 ms (control, PPR = 
1.018   ±   0.007;   stj 
1  /Df  , PPR = 1.21   ±   0.1). 
Error bars indicate SEM (student  ’  s   t   test; n.s., 
not signiﬁ  cant; *, P   <   0.05; **, P   <   0.01).     JCB • VOLUME 181 • NUMBER 1 • 2008  164 
this suggests that CacEGFP can properly traffi  c to active zones 
independently of   stj   but requires   stj   to ensure appropriate levels 
of Cac at the synapse. 
  To determine whether the reduction in synaptic CacEGFP 
might stem from global mistraffi  cking or reduced stability of 
Cac in   stj   mutants, we also looked at the VNC (  Fig. 7, B and E  ) 
and axonal projections (  Fig. 7, C and F  ) of control and mutant 
larvae overexpressing   cacEGFP  . We found that CacEGFP was 
distributed similarly within cell bodies throughout the VNC in 
control (  Fig. 7 B  ) and mutant (  Fig. 7 E  ) animals. Furthermore, 
the signal intensities of CacEGFP within the VNC of control 
and mutant animals are not different (  Fig. 7 J  ). In addition, lev-
els of CacEGFP are similar within axonal projections (  Fig. 7 K  ). 
Hence, the data indicate that   stj   is not crucial for the global 
stabilization or axonal transport of Cac but rather plays a more 
discrete role in stabilizing Cac locally at synapses. 
  Neuronal overexpression of   cac   partially 
rescues   stj   phenotypes 
  Interestingly, when we expressed   cac  EGFP panneuronally in 
  stj 
1 /Df  and  stj 
2 /Df  mutant backgrounds, we observed a partial rescue 
(see Materials and methods). At   C155-GAL4/ + ; UAS-cacE-
GFP/+   NMJs, we often observed CacEGFP puncta that are 
adjacent to Brp (  Fig. 7, A  –  A        ) despite some diffusion of the 
enhanced CacEGFP signal. However, in   C155-GAL4/ + ; stj 
1 /Df ,  
UAS-cacEGFP   synapses, although we also observed co-
localization between CacEGFP and Brp (  Fig. 7, D  –  D       ),  the 
CacEGFP signal intensity was signifi  cantly reduced compared 
with controls (  Fig. 7 G  ). To determine the background signal 
associated with tyramide enhancement, we simultaneously la-
beled Canton-S larvae. We observed a weak, nonspecifi  c synaptic 
signal associated with the tyramide reaction (Fig. S2, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200712152/DC1) 
but never observed punctate signal in Canton-S larvae, which 
suggests that the CacEGFP signal we detected in  C155-GAL4/ + ; 
UAS-cacEGFP/+   and   C155-GAL4/ + ; stj 
1 /Df ,  UAS-cacEGFP  
larvae is specifi  c. Moreover, we quantifi  ed the density and 
signal intensity of Brp at control and mutant synapses over-
expressing CacEGFP and found that although signal intensity is 
mildly increased in the mutants (  Fig. 7 H  ), Brp puncta density 
( Fig.  7  I )  is not different. Thus, active zones remain stable even 
when synaptic Ca 
2+   channels are markedly reduced. Together, 
  Figure 6.         stj   mutant synapses exhibit NMJ 
overgrowth but have normal bouton ultrastruc-
ture.   Third instar NMJ synapses of muscles 6/7 
in control (A) and  stj 
2  /Df   (B) stained for Dlg (ma-
genta) and Hrp (green). Bar, 25   μ  m. (C and D) 
Quantiﬁ  cation of NMJ synapse length (C; con-
trols, 0.0036  ±   0.0002  μ  m 
    1  ;  stj 
1  /Df  , 0.0044  ±   
0.0003   μ  m 
    1  ;   stj 
2  /Df  , 0.0053   ±   0.0005 
  μ  m 
    1  ;   stj 
2  /Df  ,   stj 
+    , 0.0038   ±   0.0004   μ  m 
    1  ) 
and bouton number (D; controls, 0.00045   ±   
0.00003   μ  m 
    2  ;   stj 
1  /Df  , 0.00064   ±   0.00005 
  μ  m 
    2  ;   stj 
2  /Df  , 0.0008   ±   0.0001   μ  m 
    2  ;   stj 
2  /
Df  ,   stj 
+    , 0.0004   ±   0.00003   μ  m 
    2  ) normalized 
to muscle area. Number of animals analyzed: 
controls,   n   = 21;   stj 
1  /Df  ,   n   = 13;   stj 
2  /Df  ,   n   = 
10;   stj 
2  /Df  ,   stj 
+    ,   n   = 7. Error bars indicate 
SEM (student  ’  s   t   test;   *  ,     P   <   0.05, **, P   <   0.01). 
(E  –  H) TEM of NMJ boutons in control (E and G) 
and   stj 
2  /Df   (F and H). Synaptic features such 
as vesicles, active zones (AZ), and the SSR (ar-
rowheads) are readily observed. Quantiﬁ  ca-
tion of bouton parameters in control,   stj 
1  /Df  , 
and   stj 
2  /Df   animals including vesicle density 
(I), synaptic length (J), AZ density (K), AZ-
associated vesicles (within a 100-nm perimeter 
of the AZ; L), and vesicle size (M and N) re-
vealed no signiﬁ  cant differences. Number of 
vesicles analyzed from: control,   n   = 425; and 
  stj 
1  /Df  ,   n   = 475. However, the SSR appears 
disordered in   stj 
1  /Df   (not depicted) and   stj 
2  /Df   
(F, arrowhead) boutons. Cross sections from at 
least 10 boutons from three animals were ex-
amined for each genotype. Error bars indicate 
SEM (student  ’  s   t   test; n.s., not signiﬁ  cant). Bars: 
(A and B) 25   μ  m; (E) 0.5   μ  m; (F) 0.2   μ  m; 
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  stj   mutant larvae, which barely move (unpublished data). To de-
termine whether neuronal expression of   cac  EGFP affects the 
function of   stj   mutant NMJs, we recorded EJPs in 1 mM Ca 
2+   at 
1 Hz from  C155-GAL4; UAS-cacEGFP/+ ,  C155-GAL4; stj 
1 /Df ,  
UAS-cacEGFP  , and   C155-GAL4; stj 
2 /Df ,  UAS-cacEGFP   larvae 
(  Fig. 8, C and D  ). Neuronal expression of   cacEGFP   alone  did 
not alter the EJP amplitude compared with controls (  Fig. 8 D  ). 
However, although   C155-GAL4; stj 
1 /Df ,  UAS-cacEGFP   and 
  C155-GAL4; stj 
2 /Df ,  UAS-cacEGFP   larvae have reduced EJP 
amplitudes compared with controls, the response is increased 
relative to   stj 
1 /Df   and   stj 
2 /Df   (  Fig. 8, C and D  ). In addition, we 
of viability (  Fig. 8 A  ). However, no viable fl  ies were obtained in 
the absence of   cac  EGFP or when   cac  EGFP was expressed post-
synaptically in the muscle using the   MHC-GAL4   driver (  Fig. 
8 A  ), indicating that the rescue activity of   cac  EGFP is dependent 
on its neuronal expression. In addition, we recorded ERGs from 
  C155-GAL4; stj 
1 /Df ,  UAS-cacEGFP   and   C155-GAL4; stj 
2 /Df ,  
UAS-cacEGFP   adult fl  ies and found that they possess on  –  off 
transients (  Fig. 8 B  , arrowheads), unlike   stj 
2 /Df   adult escapers 
(  Fig. 8 B  ) and   stj eyFLP   mutants (  Fig. 1  ). Also,   C155-GAL4; 
stj 
1 /Df ,  UAS-cacEGFP  and  C155-GAL4; stj 
2 /Df ,  UAS-cacEGFP  
third instar larvae displayed greater mobility than homozygous 
  Figure 7.       Cac is mislocalized in   stj   mutants.   (A and D) NMJ synapses from C155-GAL4; UAScacEGFP/+ (C155-GAL4; FRT42D 
iso  /UAS-cacEGFP; A  –  A        ) 
and C155-GAL4; stj 
1  /Df, UAScacEGFP (C155-GAL4; FRT42D 
iso   stj 
1  /Df(2R)Exel7128, UAS-cacEGFP; D  –  D        ) larvae labeled with tyramide-enhanced CacEGFP 
(A and D, green) and Brp (A     and D    , magenta). Merged images are shown (A         and D        ). Brightness of green channel (CacEGFP) was enhanced in merged 
images to emphasize colocalization. Arrowheads denote CacEGFP puncta coinciding with Brp. (B and E) Larval VNC from C155-GAL4; UAScacEGFP/+ (B) 
and C155-GAL4; stj 
1  /Df, UAScacEGFP (E) colabeled with tyramide-enhanced CacEGFP (green) and Brp (magenta). CacEGFP-labeled axonal segments 
from C155-GAL4; UAScacEGFP/+ (C) and C155-GAL4; stj 
1  /Df, UAScacEGFP (F). Broken lines delineate axonal bundles. (G  –  K) Quantiﬁ  cation of CacEGFP (G) 
and Brp (H) signal intensity at NMJs. (I) Brp puncta density at NMJs. (J and K) Quantiﬁ  cation of CacEGFP signal intensity within VNC (J) and axonal pro-
jections (K). Number of larvae analyzed is indicated in the bars. For NMJ quantiﬁ  cations, at least 14 NMJs from three animals were analyzed. Error bars 
indicate SEM (student  ’  s   t   test; n.s., not signiﬁ  cant; *, P   <   0.05; **, P   <   0.01). Bars: (A and D) 4   μ  m; (B and E) 50   μ  m; (C and F) 6   μ  m.     JCB • VOLUME 181 • NUMBER 1 • 2008  166 
display seizure-like activity and a severe reduction in synaptic 
release. Our findings indicate that these defects stem from a 
failure to properly stabilize Cac, a presynaptic     1   pore subunit, 
at synapses. 
  Although four     2     homologues exist in vertebrates, only 
three     2     subunits are encoded in fl  ies. The three   D. melanogas-
ter      2     homologues are most similar to mammalian     2    3   and 
    2    4  , which are the least characterized in vertebrates. Though 
mutants of vertebrate     2    1   and     2    3   have not yet been described, 
mutations in     2    4   impair retinal function, resulting in a slowly 
progressing cone dystrophy in patients that leads to blindness 
(  Wycisk et al., 2006a  ,  b  ). Notably, PR function is disrupted in 
  cac   mutants (  Smith et al., 1998  ), and we also fi  nd that   stj   mu-
tants have abnormal ERGs, suggesting a conserved role for 
VGCCs in retinal signaling. Consistent with this fi  nding, another 
study on the   D. melanogaster      2     subunit (i.e.,   stj   and  d    2     ) 
published while this manuscript was in submission also reported 
aberrant PR signaling (  Dickman et al., 2008  ). Notably, we 
fi  nd that PR morphology in the visual system is intact, suggest-
ing that the defect is functional, not developmental, in nature. 
investigated the effect of   cacEGFP   overexpression on the hyper-
excitability observed in   stj   mutants by recording endogenous 
CPG activity from   C155-GAL4; stj 
1 /Df ,  UAS-cacEGFP .  Unlike 
  stj 
1 /Df  , mutants overexpressing   cacEGFP   rarely exhibit activity 
bursts lasting 30 s or more (  Fig. 8, E and F  ). Thus, panneuronal 
expression of   cacEGFP   can partially rescue the viability and 
functional defects associated with   stj   loss of function. Together, 
this further indicates that   stj   genetically interacts with   cac . 
  Discussion 
  Neuronal communication between synapses involves regulated 
exocytosis of neurotransmitter at presynaptic sites, a process 
triggered by regulated infl  ux of Ca 
2+   through VGCCs (  Smith 
and Augustine, 1988  ;   Catterall, 1998  ;   Robitaille et al., 1990  ). 
VGCCs are thought to be comprised of a protein complex con-
sisting of a pore-forming     1   subunit along with several acces-
sory subunits including    ,    ,  and     2     (  Takahashi et al., 1987  ; 
  Tanabe et al., 1987  ). Here, we describe the isolation and charac-
terization of   D. melanogaster      2     mutants named   stj .   stj   mutants 
  Figure 8.         cac   overexpression partially res-
cues   stj   phenotypes.   (A) Viability rescue of   stj   
mutants by neuronal expression of   cacEGFP  . 
Percentages were calculated from the number 
of viable ﬂ  ies out of the expected number of 
ﬂ  ies based on a Mendelian ratio.   n  , number 
of ﬂ   ies counted from three to eight separate 
crosses. Genotypes scored:   stj 
2  /Df  ,   C155-
GAL4; stj 
1  /Df  ,   UAScacEGFP  ,   C155-GAL4; 
stj 
2  /Df  ,   UAScacEGFP  ,   FRT42D 
iso   stj 
1  /Df-UAS-
cacEGFP; MHC-GAL4/+  , and   FRT42D 
iso   stj 
2  /
Df-UAS-cacEGFP; MHC-GAL4/+  . (B) ERGs 
recorded from   C155-GAL4; stj 
1  /Df  ,   UAScacE-
GFP   and   C155-GAL4; stj 
2  /Df  ,   UAScacEGFP   
ﬂ   ies have on  –  offs (arrowheads) similar to 
control ERGs.   stj 
2    /  Df   escapers lack on  –  offs. 
(C) Sample EJPs recorded in 1 mM Ca 
2+   at 
1 Hz in   C155-GAL4; UAScacEGFP/+  ,   C155-
GAL4; stj 
1  /Df  ,   UAScacEGFP   and   stj 
2    /  Df  . 
(D) Quantiﬁ  cation of EJP amplitudes from con-
trol (39   ±   2 mV)   C155-GAL4; UAScacEGFP/+   
(44   ±   4 mV),   stj 
1  / Df   (8   ±   2 mV),   stj 
2  /Df   
(11   ±   5 mV),   C155-GAL4; stj 
1  /Df  ,   UAScacE-
GFP   (25   ±   5 mV) and   C155-GAL4; stj 
2  /Df  ,   
UAScacEGFP   (21   ±   4 mV ). Error bars indicate 
SEM (student  ’  s   t   test; n.s., not signiﬁ  cant; *, P   <   
0.05; **, P   <   0.01). (E) Sample recordings of 
endogenous CPG activity at 36  °  C in 1.5 mM 
Ca 
2+   for   stj 
1  /Df   and   C155-GAL4  ;   stj 
1    /  Df  , 
  UAS  -  cacEGFP  . (F) Histogram of burst duration. 
Number of events analyzed from: control,   n   = 
274 from eight animals;   stj 
1  /Df  ,   n   = 38 from 
six larvae; and   C155-GAL4  ;   stj 
1    /  Df  ,   UAS  -
  cacEGFP  ,   n   = 109 from four larvae (student  ’  s 
  t   test;   stj 
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Ca 
2+  -dependent release probability because we observed in-
creased facilitation at   stj   synapses and a rightward shift in the 
Ca 
2+   dependence of neurotransmitter release. The alternate 
study partially attributes the reduction in synaptic release to a 
reduced number of active zones, suggested by a decreased mEJP 
frequency and a reduction in Brp labeling (  Dickman et al., 
2008  ). However, we do not observe a loss of active zones in   stj  
mutants. Notably, they compared their mutants to Canton-S to 
assess Brp labeling, whereas a different control (  w 
118   )  was  used 
for electrophysiological analyses. Because it was not reported 
whether these defects could be corrected by   d    2       transgene  ex-
pression, we cannot exclude that some of the defects are due to 
genetic background. 
  However, we do fi  nd that CacEGFP is dramatically re-
duced at mutant synapses when expressed panneuronally, demon-
strating a direct role for an    2    subunit in regulating the synaptic 
levels of an     1   subunit in vivo, a fi  nding also corroborated 
by Dickman et al. (  2008  ). Interestingly, although CacEGFP 
is reduced at   stj   mutant synapses, it properly localizes to active 
zones, suggesting that the synaptic targeting of Cac does not 
depend solely on   stj   and requires other factors. In addition, we 
do not observe differences in CacEGFP distribution or signal in 
the VNC or axonal projections, indicating that the global stabil-
ity and axonal transport of Cac are not affected by   stj   loss of 
function. Hence,   stj   most likely plays a discrete role in the syn-
aptic stabilization of Cac. 
  Interestingly, we also fi  nd that neuronal overexpression of 
  cac   can partially rescue the viability and electrophysiological 
phenotypes observed in   stj   mutants, providing further evidence 
that they interact. In contrast, although Dickman et al. (  2008  ) 
found that   cacEGFP   overexpression improves the survival of 
their mutants, they did not observe an improvement in EJP amp-
litude when   cacEGFP   is overexpressed in the mutants. To mea-
sure  cacEGFP  rescue activity at the NMJ, Dickman et al. ( 2008 ) 
performed electrophysiological recordings in 0.3 mM Ca 
2+ , 
whereas our studies were done in 1 mM Ca 
2+  . It is possible that 
at 0.3 mM Ca 
2+  , the mutants, which display a right-shift in Ca 
2+  
sensitivity, are operating in a subcooperative regimen where the 
ameliorative effects of   cacEGFP   overexpression are masked. 
Notably, the ERG, hyperexcitability, and NMJ synaptic release 
phenotypes are improved in our mutants with neuronal   cac  
overexpression. Hence,   stj   is required for the proper function 
and localization of Cac but this defect can be partially overcome 
with   cac   overexpression. 
  In summary, we have isolated novel mutations in   stj ,  a 
neuronal   D. melanogaster      2     subunit. Our studies defi  ne a pre-
dominant role for a   D. melanogaster      2     in regulating neuronal 
excitability and neurotransmitter release by specifi  cally stabi-
lizing   cac  , a presynaptic VGCC     1   subunit, at synapses. This 
work should facilitate further studies to illuminate the role of 
    2     as a therapeutic target and modulator of VGCC function. 
  Materials and methods 
    D. melanogaster   strains and genetics 
  The isolation of 118 mutants on chromosome 2R, including   stj 
1    ,   stj 
2    ,   and 
stj 
3    , has been described previously (  Verstreken et al., 2002  ). The control 
genotype was   y w; P  {  ry 
+   neoFRT  }  42D 
isogenized     (FRT42D 
iso  ). Flies with visual 
Further insight into the in vivo role of     2     has been garnered 
through work on a spontaneous mouse mutant of     2    2   known as 
  ducky  . The three alleles of   ducky ,   ducky   ( Barclay  et  al.,  2001 ), 
  ducky 
2J     (  Donato et al., 2006  ), and   Cacna2d2 
entla     ( Brill  et  al., 
2004  ), exhibit spike-wave seizures reminiscent of absence epi-
lepsy and are ataxic. Similarly, we also fi  nd that   stj   mutants have 
altered neuronal excitability and surmise that this may be caused 
by a selective loss of   stj   in a subset of neurons, possibly inhibi-
tory interneurons. Consistent with this possibility, blockade of 
GABA receptors in   D. melanogaster   larvae has been shown to 
predispose to neuronal hyperactivity (  Stilwell et al., 2006  ). 
  Five functionally distinct VGCC     1   subtypes encoded by 
10 different genes are expressed in mammalian excitable tissues, 
L-, N-, P/Q-, R-, and T-types (  Catterall, 2000  ). However, within 
the   D. melanogaster   genome, there are only four genes that en-
code     1   subunits representing homologues of vertebrate N-, 
P/Q-, and R-type (  cac  , also known as   dmca1A ;   Smith  et  al.,  1996 ), 
L-type (  dmca1D  ;   Zheng et al., 1995  ), and T-type (  dmca1T ) 
channels (  CG15899 ;  http://fl  ybase.bio.indiana.edu/) and an 
invertebrate-specifi  c     1   subunit (  dmalpha1U  , also known as 
  narrow abdomen   and   halothane resistance  ;   Nash et al., 2002  ). 
However, we focused on   cac   for the following reasons. First, 
mutations in   dmalpha1U   are viable and predominantly affect di-
urnal locomotor activity patterns but exhibit no other obvious 
neurological defi  cits (  Nash et al., 2002  ). Second,   dmca1T   has 
not been characterized in the fl  y and no phenotypic analysis is 
available. Third,   dmca1D   is thought to primarily underlie mus-
cle Ca 
2+   currents (  Zheng et al., 1995  ;   Ren et al., 1998  ). Although 
  dmca1D   transcripts are expressed in the brain, the function of 
  dmca1D   in the nervous system has not been established (  Zheng 
et al., 1995  ). However,   cac   mutants display a marked reduction 
in synaptic release, similar to what is observed when   stj   is  lost, 
and is likely the primary     1   subunit involved in neurotransmis-
sion in fl  ies (  Smith et al., 1996  ;   Kawasaki et al., 2000  ). In addi-
tion,   cac   mutants have ERG (  Smith et al., 1998  ) and seizure 
(  Rieckhof et al., 2003  ) phenotypes similar to   stj   mutants.  The 
synaptic defects in   cac   mutants can be corrected by neuronal ex-
pression of   cac   cDNA, which suggests a requirement for this 
gene in the nervous system (  Kawasaki et al., 2004  ). Consistent 
with this data,   stj   is predominantly expressed and required in the 
nervous system, as demonstrated by our ability to rescue the mu-
tants with a neuronally driven   stj   transgene and in situ hybridiza-
tion studies. Together, the neuronal localization and phenotypic 
similarities suggest that   cac   is a likely target for   stj   function. 
  Work in heterologous expression systems has demon-
strated that     2     subunits can increase Ca 
2+   current amplitudes 
approximately threefold by increasing the expression of     1   on 
the membrane (  Singer et al., 1991  ;   Felix et al., 1997  ;   Klugbauer 
et al., 1999  ;   Gao et al., 2000  ;   Canti et al., 2005  ). In addition, 
  ducky   mutant Purkinje cells exhibit a     35% reduction in P-type 
Ca 
2+   currents despite no changes in unitary Ca 
2+   currents 
(  Barclay et al., 2001  ). However, evidence of channel mislocaliza-
tion in   ducky   mice has not been demonstrated and the mechanism 
by which     2    2   loss leads to the defects in   ducky   mice remains 
unclear. Similar to Dickman et al. (  2008  ), we observe a severe 
reduction in EJP amplitude at   stj   mutant NMJ synapses. We fi  nd 
that this impairment is likely caused by a reduction in the highly JCB • VOLUME 181 • NUMBER 1 • 2008  168 
several washes, samples were incubated with tyramide in ampliﬁ  cation 
buffer (PerkinElmer) for 30 min. Samples were then washed in PBT, blocked 
in 10% NGS, and incubated with additional primary antibodies for 2 h. 
After several washes and a blocking treatment, secondary antibodies were 
applied for 2 h. After a ﬁ  nal wash, preparations were mounted in Vecta-
shield and imaged. 
  Electrophysiology 
  ERGs were recorded as described previously (  Fabian-Fine et al., 2003  ; 
  Verstreken et al., 2003  ). Third instar larval electrophysiological recordings 
were performed as described previously (  Verstreken et al., 2002  ). Larvae 
were maintained in modiﬁ  ed HL3 (110 mM NaCl, 5 mM KCl, 10 mM 
NaHCO  3  , 5 mM Hepes, 30 mM sucrose, 5 mM trehalose, and 10 mM 
MgCl  2  , pH 7.2) and recordings were performed in various extracellular 
[Ca 
2+  ] as indicated. In CPG recordings, larval motor axons were left intact 
and endogenous neural activity was recorded from muscles 6/7 at 36  °  C 
with the temperature controlled as described previously (  Koh et al., 2004  ). 
To measure EJPs, we stimulated cut motor neurons and recorded from mus-
cles 6/7/12/13. Quantal content was estimated by including failures and 
correcting for nonlinear summation of EJPs (  Martin, 1955  ). Cooperativity 
coefﬁ  cients were then assessed by determining the slope of log-transformed 
measurements for quantal content for Ca 
2+   concentrations of 0.1  –  0.8 mM. 
mEJPs were recorded in the presence of 0.5 mM extracellular Ca 
2+   and 
10   μ  M TTX (Sigma-Aldrich). EJPs and mEJPs were analyzed using pClamp6 
and Mini Analysis Program (Synaptosoft) software, respectively. 
  Transmission electron microscopy (TEM) 
  TEM of PRs was performed as described previously (  Hiesinger et al., 
2006  ). At least 15 cartridges from three animals were examined. TEM of 
NMJ boutons was performed as described previously (  Verstreken et al., 
2002  ). Analysis was performed on     15 boutons from at least three lar-
vae. Images were analyzed using ImageJ. 
  Online supplemental material 
  Fig. S1 shows a protein sequence alignment comparing   stj   with murine and 
human       2        1  –  4   proteins and indicates the residues affected in   stj 
1     and   stj 
2     al-
leles. Fig. S2 shows that tyramide enhancement in non-  cacEGFP    –  expressing 
controls leads to a nonspeciﬁ  c synaptic signal that is diffuse, not punctate, as 
is the case when   cacEGFP   is present. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200712152/DC1. 
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